The optofluidic dye laser serves as an important on-chip optical source in microfluidic technology for a breadth of applications. One of the ultimate goals of such a light source is an optofluidic white dye laser. However, realizing such a device has been challenging, because it is difficult to achieve simultaneous multi-wavelength lasers that span the most visible spectrum, especially on an integrated system. Here, we demonstrate white lasing in an optofluidic chip that simultaneously lases in red, green, and blue (RGB) colors inside a microfluidic channel. A Fabry-Perot cavity formed by two end-coated fibers provides the optical feedback of the laser. Easy reconfigurable emission can be obtained based on the laminar flow control. Eventually, white lasing at a low threshold was obtained when the pumping energy density is in excess of 26. . However, few of these developments are suitable for integration and spectral tunability at the same time. In addition, some of the devices have difficulties because of their complicated constructions.
The optofluidic dye laser serves as an important on-chip optical source in microfluidic technology for a breadth of applications. One of the ultimate goals of such a light source is an optofluidic white dye laser. However, realizing such a device has been challenging, because it is difficult to achieve simultaneous multi-wavelength lasers that span the most visible spectrum, especially on an integrated system. Here, we demonstrate white lasing in an optofluidic chip that simultaneously lases in red, green, and blue (RGB) colors inside a microfluidic channel. A Fabry-Perot cavity formed by two end-coated fibers provides the optical feedback of the laser. Easy reconfigurable emission can be obtained based on the laminar flow control. Eventually, white lasing at a low threshold was obtained when the pumping energy density is in excess of 26.1 μJ∕mm Lasers with a wavelength span the full visible spectrum, particularly the red, green, and blue (RGB) colors, have caused much attention in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] . They can be widely used in laser lighting [10, 11] , laser color imaging and display [12, 13] , and biological and chemical sensing [14, 15] . Recent demonstrations of simultaneous RGB emissions include different types of lasers, for example, semiconductor lasers of RGB lasing in colloidal quantum dot films [2] and the entire visible range from single tricolor nanowires with engineerable bandgaps [16] , solid-state lasers of RGB polymer lasing from a freestanding membrane [17] , gas lasers of an innovative laser display control technique [18] , dye lasers of simultaneous RGB lasing from a single-chip polymer device [19] , and white light emission in a disordered system with nanoparticles [4] . However, few of these developments are suitable for integration and spectral tunability at the same time. In addition, some of the devices have difficulties because of their complicated constructions.
In our efforts to achieve such a goal of optical technology, an optofluidic RGB dye laser [20, 21] is demonstrated as a feasible and stable approach. An optofluidic dye laser is largely enabled by the recent advances in microfabrication and microfluidics technologies. In many miniaturized systems, microfluidics can manipulate liquids or gases in channels with 10-100 μm dimensions and build the foundation for many chemical, biological, and medical applications. Overall, microfluidics makes it possible to integrate multiple fluidic tasks on a chip while, in most cases, optical components should also be taken into account. Therefore, one advantage of optofluidics is integration which combines optics and microfluidics on the same chip. The other advantage is configurability which illustrates that optical properties can be changed by using manipulating fluids [22] .
Optofluidic dye lasers hold great promise as the critical optical source in future integrated optofluidic system. They not only facilitate the implementation of lab-on-a-chip systems, but also allow the dynamic control of laser properties over their solid-state counterparts [23] . Due to a solvatochromic effect, the lasing wavelength and the fluorescence maximum of a certain molecule change with different solvents [24] . Tremendous efforts have been focused on the rapid advancements in the realization of flexible, tunable, and reconfigurable optofluidic microlasers, driven by the growing need for lab-on-a-chip applications. To that end, various configurations have been demonstrated, such as Fabry-Perot (F-P) cavities, distributed feedback Bragg gratings, whispering-gallery cavities, and even random lasing without cavities [25] . The tunability of emission wavelengths is mainly realized by replacing the dye or the solvent, or tuning the period of the Bragg grating by the high elasticity of polymer materials.
In this Letter, we demonstrate a simultaneous and reconfigurable RGB laser device in an optofluidic chip, by taking the advantages of integration of optofluidics and flexibility of the laminar control. The chip is fabricated by conventional soft lithography [26, 27] using polydimethylsiloxane (PDMS). This kind of fabrication technique can dramatically reduce the size and complexity of the liquid-handling optical system and is applied to build miniaturized devices with complex cross-channels which has become the practical assistance for fluidic control and can further regulate the wavelength of visible light. An FP cavity is embedded into a PDMS chip to provide the optical feedback. The gain media used are three kinds of dyes in ethanol solutions, which results in the ease of adjusting lasing characteristics by choosing different dyes. In the experiment, we select stilbene 420 (S-420), coumarin 540 (C-540), and rhodamine 610 (R-610) to achieve the three primary colors of blue, green and red, respectively.
The optofluidic chip design diagram is shown in Fig. 1(a) . The microfluidic channel is sandwiched between two layers of PDMS. The channel is 100 μm in width and 125 μm in height. The chip contains inlet ports 1, 2, and 3 for respective injection of R-610, S-420, and C-540. Two outlet ports 1 and 2 are for overflow and keeping systemic liquidity. The pump region, where the stable laminar flow forms, is 5 mm long with two T-junctions at both ends. Two channels (125 μm in width) are placed beside the T-junctions for inserting end-coated fibers as F-P resonator mirrors. The width of the fiber port is the same as the outer diameter of the fiber, which makes sure that the cavity mirrors are paralleled in alignment. To protect the silver film from damage, the fiber ports and T-junctions are designed 30 μm apart. As can be seen from the inset of Fig. 1(b) , which is taken by microscope, the coated fibers feature smooth end faces. Once the structure of the chip is given, the only parameter of an F-P cavity that can be adjusted is the reflectivity of the mirrors. A thin layer of Ag is coated to the end faces of multimode fibers with different thicknesses by a vacuum evaporation coating method. The reflectivity of the two fiber-optic reflectors is approximately 85% and 99%.
For the experimental setup in Fig. 1(c) , the laser beam incidents on the pump region of a PDMS chip (marked by the dashed rectangle). Meanwhile, dye solutions are injected into the corresponding channels via two syringe pumps (PHD 2000, Harvard apparatus). The syringes of R-610 and S-420 are put on the same pump with united injection velocity. The syringe of C-540 is controlled by the other pump. The emission is detected by an optical fiber spectrometer (AVaSpec 2048-FT, Avantes; spectral resolution 0.09 nm).
Due to large intensities of pump excitation, dye bleaching should be avoided to increase the lifetime of the component [28] . Thus, we continuously inject dye solutions into the channel. Three dye solutions are also controlled with different injection rates to form a stable laminar flow. The syringe pump allows two syringes at once with a uniform rate. Two of the dye solutions are chosen to be on the same pump. Considering that dye molecular mass and chip inlet positions are influence factors to laminar flow, careful experiments have been tried to find optimized parameters to guarantee a balance among three dye solutions. The optimum solution concentrations have been worked out as S-420 0.75, C-540 0.51 and R-610 1.5 mmol/L. Putting syringes of R-610 and S-420 together on the same pump with injection rate 22 μL/min and C-540 on the other pump with injection rate 15 μL/min, a clear microscope image of stable and uniform laminar flow can be observed in Fig. 2(a) . If the injection rate of C-540 is maintained at 15 μL/min, the rate of another two dye solutions can reach up to 25 μL/min; then the variation in laminar flow can be observed in Fig. 2(b) . The proportion of dye solutions in the chip channel can be efficiently controlled by manipulating the flow rate. Under the same conditions, when the injection rate of R-610 and S-420 is below 20 μL/min or above 25 μL/min, the three steady laminar flows will be broken and turn into two kinds of laminar flow.
In the beginning, a 405 nm cw (15 mW) laser was chosen as the pump source. Putting three dye solutions in each cuvette and lining them up with direct laser pumping from the left side, as shown in Fig. 3(a) , we can get a view of RGB fluorescence emission and a decrease in light intensity with the increase of distance from pumping laser. Under this situation, fluorescence spectra of RGB light were measured to be centered at 627, 521, and 425 nm, as shown in Fig. 3(b) . The three dye solutions are injected into a PDMS chip. For the sake of preventing interaction with each other, it is essential to control the flow rate, as mentioned above, to keep a stable flow state. In Fig. 3(c) , three pipes can be figured out for injecting dye solutions. Under illuminating, white light beam with RGB light can be clearly seen on chip, which makes preparations for the next step. Dye solutions with different colors can also be spotted on the lower end of the chip owing to constant flow from the outlets. To further characterize the lasing properties of our optofluidic device, the chip is optically pumped by the third-harmonic generation of a Nd:YAG laser (355 nm central wavelength, 6 ns pulse width and 20 Hz repetition rate). The emission spectra and chromaticity are shown in Fig. 4 , while the emission intensities at different pumping energy densities are shown in Fig. 5 . To confirm the lasing action, a detailed analysis is needed. First, the emission intensities of RGB lasers of 355 nm pumping energy densities are provided in Figs. 5(a)-5(c) . Red and blue lasers are obtained when pump intensity is 40 μJ∕mm 2 and the green laser is obtained at 46 μJ∕mm 2 . All the spectra are collected using one optical fiber and the intensity of spectra changes with probe points. The low thresholds corresponding to RGB lasers are 16.6, 26.1, and 8.9 μJ∕mm 2 . Under the same condition, a white light laser can be obtained only when pump intensity is higher than 26.1 μJ∕mm 2 . Moreover, 2D
lasing spectra in Figs. 4(a)-4(c) reveal that a peak wavelength of 635, 521, and 425 nm, with a full width at half-maximum of RGB lasers of 0.6, 0.8, and 0.7 nm, respectively, as is limited by the spectral resolution of the spectrometer. An extremely narrow linewidth has been demonstrated in liquid pulsed dye lasers [29] , which shows an improvement opportunity for optofluidic lasers. By pumping separate injections, two kinds of laminar flows, and three laminar flows of dye solutions, we demonstrate independent lasing of each RGB color, two-color lasing of any two of the three primary colors and, finally, white lasing [shown in Figs. 4(a)-4(d) ]. Figure 4 (d) presents the emission spectra for all mixed lasing colors. The calculated chromaticity for these lasing spectra on a CIE1931 color diagram by means of white points is given in Fig. 5(e) . According to Grassmann's law, a broad range within the diagram inside the triangle formed by the three elementary colors can be realized through appropriate mixing of the three colors. Moreover, the chromaticity of the carefully balanced white lasing point marked with R G B is very close to that of the black point in the CIE standard (D65) which provides a proof for the tunability of the white laser.
It is necessary to know that "white laser" does not mean a laser with the color white, but a laser with a wide bandwidth that covers RGB light. We realize both "white" and "lasing" on the integrated PDMS chip. This Letter has greatly simplified the process of the experiment, and it is the first appearance of applying laminar flow to obtain a tunable white lasing.
In summary, we have demonstrated a simultaneous optofluidic white dye laser from an integrated device with a low threshold of 26.1 μJ∕mm 2 . The key to the demonstration lies in elaborate fabrication of a PDMS chip, appropriate selection of dyes and, most importantly, three steady laminar flows by manipulating the flow rates. The advantages in soft lithography are suitable for integration with other optofluidic networks and largely reduce the hazards of toxic dyes and the complexity in a liquid operation system which moves forward the experimental design. The three different dyes are mutually independent in the state of laminar flow which, eventually, contributes to a tunable white lasing. The calculated chromaticity of white lasing in the triangle approaches that of the CIE standard white illumination D65 which also underlines the feasibility and reliability of our device.
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